
Marcos Santander
WIPAC, University of Wisconsin-Madison

The high-energy cosmic-ray sky as seen by 
IceCube, IceTop, and AMANDA



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Outline

2

Cosmic-ray detectors

Anisotropy analysis

Cosmic rays
General introduction

IceCube, IceTop, AMANDA

Angular scale, energy, time



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Outline

2

Cosmic-ray detectors

Anisotropy analysis

Cosmic rays
General introduction

IceCube, IceTop, AMANDA

Angular scale, energy, time



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Outline

2

Cosmic-ray detectors

Anisotropy analysis

Cosmic rays
General introduction

IceCube, IceTop, AMANDA

Angular scale, energy, time



!"#$%&'()*+,(

-.
/
(0
1
23
45
)6
+

7
4,
(

!"#$%&'()*+,(

891+:'3(;(

891+:'3(<(

<=<7(

7>(

;>(

<>(

?>(

@>(

A>(

;>(

;( @( A( ;( @( A( ?(

<=<@(-.
/
(0
1
23
45
)6
+

7
4,
(

Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Discovery of cosmic rays
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Discovery      1912
Nobel prize    1936

V. Hess 1912 Kolhörster (1913/4)

V. Hess, 
On observations of penetrating 
radiation during seven ballon flights
Physik. Zeitschr. XIII, 1912
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Extragalactic
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Energy spectrum
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AA49CH04-Olinto ARI 13 July 2011 14:26

1. INTRODUCTION
The observation that cosmic rays can exceed 1020 eV poses some interesting and challenging ques-
tions: Where do they come from? How can they be accelerated to such high energies? What kind of
particles are they? What is the spatial distribution of their sources? What do they tell us about these
extreme cosmic accelerators? How strong are the magnetic fields that they traverse on their way to
Earth? How do they interact with the cosmic background radiation? What secondary particles are
produced from these interactions? What can we learn about particle interactions at these otherwise
inaccessible energies? Here, we review recent progress toward answering these questions.

The dominant component of cosmic rays observed on Earth originates in the Galaxy. As shown
in Figure 1, the study of this striking nonthermal spectrum requires a large number of instruments
to cover over 8 orders of magnitude in energy and 24 orders of magnitude in flux. Galactic cosmic
rays are likely to originate in supernova remnants (see, e.g., Hillas 2006, for a recent update on
the origin of Galactic cosmic rays). A transition from Galactic to extragalactic cosmic rays should
occur somewhere between 1 PeV (≡ 1015 eV) and 1 EeV (≡ 1018 eV). Progress on determining this
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Figure 1
All particle cosmic ray flux multiplied by E2 observed by ATIC (Advanced Thin Ionization Calorimeter; Ahn
et al. 2008), Proton (Grigorov et al. 1971), RUNJOB (Russian Nippon Joint Balloon experiment;
Apanasenko et al. 2001), Tibet AS-γ (Tibet Air-Shower Gamma Experiment, Amenomori et al. 2008),
KASCADE (Karlsruhe Shower Core and Array Detector; Kampert et al. 2004), KASCADE-Grande
(Karlsruhe Shower Core and Array Detector-Grande; Apel et al. 2009), HiRes I (High Resolution Fly’s Eye
I; Abbasi et al. 2009), HiRes II (High Resolution Fly’s Eye II, Abbasi et al. 2008b), and Auger (the Pierre
Auger Observatory; Abraham et al. 2010b). Large Hadron Collider (LHC) energy reach of p − p collisions
(in the frame of a proton) is indicated for comparison.
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Cosmic-ray origin discovered?
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Cosmic-ray propagation
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Cosmic-ray propagation
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μG B-field

ν

γ

p+

Fermi π0 decay (2013)



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Cosmic-ray propagation
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Source function

Decay and collisions

Spallation feed-down

Energy losses

Convection

Diffusion

• Parameters obtained from fitting secondary/primary ratios.

Diffusive cosmic ray propagation



Sun
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Cosmic-ray propagation

• SNRs accelerate cosmic rays.

• CRs propagate diffusively.

• Diffusion induces the presence of 
gradients.

• Gradients produce anisotropy.

8

Distribution of nearby SNRs in the galaxy

Anisotropy amplitude

Streshnikova et al. 
arxiv/1301.2028

δ(E) =
3D(E)

c

∇n(E)

n(E)
∝ Eα
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Anisotropy from CR diffusion

• Amplitude: 10-2 - 10-3 range
• Orientation: Depends on propagation geometry, mostly 

towards the relevant CR source(s).
• Shape: Dipole (large scale).

9

Relative intensity:
Fractional offset from 
isotropic level.

Source
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Large-scale anisotropy observations
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Milagro

Amenomori et al, astro-ph/0610671 Abdo et al, arxiv/0806.2293

• Several observations of large-scale anisotropy in the north (Tibet, 
Milagro, ARGO-YBJ, SuperK, HAWC) in the 1-10 TeV energy range.

• ~10-3 strength

Tibet-III



MilagroARGO-YBJ

Abdo et al. arxiv/0801.3827
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Small-scale anisotropy observations

• Milagro, Tibet, ARGO-YBJ, and HAWC report small scale 
structures.

• ~10-4 strength

11

Vernetto et al, Proc. of the ICRC 2009
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Extending the observations to the south

12

• Detector sensitive to TeV cosmic rays.
• Weak anisotropy (10-3) implies the need for large 

data sets (> 108-109 events) with good angular 
resolution.

• Stable detection conditions (few detector effects).

?
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144 7 Secondary Cosmic Rays

shower component is absorbed relatively easily and is there-
fore also named a soft component. Charged pions and kaons
can either initiate further interactions or decay.

Fig. 7.6
Transformation of primary cosmic
rays in the atmosphere

The competition between decay and interaction prob-
ability is a function of energy. For the same Lorentz fac-
tor charged pions (lifetime 26 ns) have a smaller decay
probability compared to charged kaons (lifetime 12.4 ns).
The decay probability of charged pions and kaons in the
atmosphere is shown in Fig. 7.7 as a function of their
kinetic energy. The leptonic decays of pions and kaons
produce the penetrating muon and neutrino components
(π+ → µ+ + νµ, π− → µ− + ν̄µ; K+ → µ+ + νµ,
K− → µ− + ν̄µ). Muons can also decay and contribute
via their decay electrons to the soft component and neu-
trinos to the neutrino component (µ+ → e+ + νe + ν̄µ,
µ− → e− + ν̄e + νµ).

Fig. 7.7
Decay probabilities for charged
pions and kaons in the atmosphere
as a function of their kinetic
energy

The energy loss of relativistic muons not decaying in the
atmosphere is low (≈ 1.8 GeV). They constitute with 80%
of all charged particles the largest fraction of secondary par-
ticles at sea level.

Some secondary mesons and baryons can also survive
down to sea level. Most of the low-energy charged hadrons
observed at sea level are locally produced. The total fraction
of hadrons at ground level, however, is very small.

Apart from their longitudinal development electromag-
netic and hadronic cascades also spread out laterally in the
atmosphere. The lateral size of an electromagnetic cascade
is caused by multiple scattering of electrons and positrons,
while in hadronic cascades the transverse momenta at pro-
duction of secondary particles are responsible for the lateral
width of the cascade. Figure 7.8 shows a comparison of the
shower development of 100 TeV photons and 100 TeV pro-
tons in the atmosphere. It is clearly visible that transverse
momenta of secondary particles fan out the hadron cascade.

The intensity of protons, electrons, and muons of all en-
ergies as a function of the altitude in the atmosphere is plot-
ted in Fig. 7.9. The absorption of protons can be approxi-
mately described by an exponential function.

The electrons and positrons produced through π0 decay
with subsequent pair production reach a maximum intensity
at an altitude of approximately 15 km and soon after are rela-
tively quickly absorbed while, in contrast, the flux of muons
is attenuated only relatively weakly.

EM
component

UNDERGROUND

neutrino
component

muon
component
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Cosmic-ray detectors
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Cherenkov radiation

• Detect secondary particles in the air shower (e±, muons).

• Energetic charged particles produce Cherenkov light in a 
refractive medium.

• If the medium is clear (i.e. low absorption and scattering) 
directions can be reconstructed.
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South Pole

15

SPT
South Pole Station

ICL

‣ Clear ice
‣ Large volume
‣ Stable conditions



AMANDA II Array
(precursor to IceCube, until 2009)

Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

IceCube, IceTop, and AMANDA

16



280 collaborators (approx.)
41 institutions 
12 countries
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IceCube Collaboration

17

http://icecube.wisc.edu
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IceCube 

18

‣ 86 strings
‣ 5160 DOMs
‣ 17 m vertical spacing
‣ 125 m between strings

Digital Optical Module (DOM)

1450 m

0 m

2450 m

DOM deployment
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IceCube configurations

19
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IceCube configurations
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IC1
04-05 Season
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IceCube configurations

19

IC9
05-06 Season
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IceCube configurations

19

IC22
06-07 Season
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IceCube configurations

19

IC40
07-08 Season
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IceCube configurations

19

IC59
08-09 Season
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IceCube configurations

19

IC79
09-10 Season
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IceCube configurations

19

IC86
10-11 Season
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Light propagation in ice
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Figure 16: Values of the effective scattering coefficient be(400) and absorption coefficient a(400) vs. depth

for a converged solution are shown with a solid line. The range of values allowed by estimated uncertainties

is indicated with a grey band around this line. The updated model of [4] (AHA) is shown with a dashed

line. The uncertainties of the AHA model at the AMANDA depths of 1730 ± 225 m are roughly 5% in be
and roughly 14% in a. The scale and numbers to the right of each plot indicate the corresponding effective

scattering 1/be and absorption 1/a lengths in [m].

rate of 1 kHz, and therefore a large statistical data set was available for comparisons between

measured muon data and simulations of cosmic ray induced muons. The simulations are based

on the assumed propagation of optical Cherenkov photons through the ice but also depend on

assumptions that include the energy, multiplicity, and angular distribution of the muons.

The simulation chain begins with the production of atmospheric muons from cosmic ray air

showers using the CORSIKA software [14], followed by propagation of the muons with muon

Monte Carlo (MMC) [15] and generation of photons according to a Cherenkov spectrum and

21

scattering

absorption

Cosmic ray event in IceCube
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Event rate

• Compressed format retains reco info for all events passing simple 
majority trigger (8 DOMs hit within 5 μs).   

• 1 kHz ~ 30 billion events / year. ~20 TeV CR median energy.

• Angular resolution ~ 3°.

21
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IceTop

22

• 81 stations (2 tanks/station, 2 DOMs/tank).

• High-gain & low-gain DOMs

• High-gain DOMs operated in local coincidence 
(hits within +/- 1 μs of each-other)

• Trigger: ≥ 6 coincident DOMs within 5 μs (at least 
2 stations)

Station

Array Tank
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Event reconstruction

• ~ 10 Hz trigger rate (~ 300 million events / year).

• ~ 400 TeV CR median energy.

• Shower plane approximation:
• ~ 3° angular resolution.

23

Time
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Section 6 summarizes event classes for which the
reconstruction may fail and strategies to identify
and eliminate such events. The performance
of the reconstruction procedure is shown in
Section 7. We discuss possible improvements
in Section 8.

2. The AMANDA detector

The AMANDA-II detector (see Fig. 2) has been
operating since January 2000 with 677 optical
modules (OM) attached to 19 strings. Most of the
OMs are located between 1500 and 2000 m below
the surface. Each OM is a glass pressure vessel,
which contains an 8-in. hemispherical PMT and its
electronics. AMANDA-B10,2 the inner core of 302
OMs on 10 strings, has been operating since 1997.

One unique feature of AMANDA is that it
continuously measures atmospheric muons in
coincidence with the South Pole Air Shower
Experiment surface arrays SPASE-1 and SPASE-2
[7]. These muons are used to survey the detector
and calibrate the angular resolution (see Section 7

and Refs. [8,9]), while providing SPASE with
additional information for cosmic ray composition
studies [10].

The PMT signals are processed in a counting
room at the surface of the ice. The analog signals
are amplified and sent to a majority logic trigger
[11]. There the pulses are discriminated and a
trigger is formed if a minimum number of hit
PMTs are observed within a time window of
typically 2 ms: Typical trigger thresholds were 16
hit PMT for AMANDA-B10 and 24 for AMANDA-II.
For each trigger the detector records the peak
amplitude and up to 16 leading and trailing edge
times for each discriminated signal. The time
resolution achieved after calibration is stC5 ns
for the PMTs from the first 10 strings, which are
read out via coaxial or twisted pair cables. For the
remaining PMTs, which are read out with optical
fibers the resolution is stC3:5 ns: In the cold
environment of the deep ice the PMTs have low
noise rates of typically 1 kHz:

The timing and amplitude calibration, the array
geometry, and the optical properties of the ice are
determined by illuminating the array with known
optical pulses from in situ sources [11]. Time
offsets are also determined from the response to
through-going atmospheric muons [12].

ARTICLE IN PRESS

light diffuser ball

HV divider

silicon gel

Module

Optical

pressure
housing

Depth

120 m

AMANDA-II AMANDA-B10

Inner 10 strings: zoomed in on one

optical module (OM) 

main cable

PMT

200 m

1000 m

2350 m

2000 m

1500 m

1150 m

Fig. 2. The AMANDA-II detector. The scale is illustrated by the Eiffel tower at the left.

2Occasionally in the paper we will refer to this earlier
detector instead of the full AMANDA-II detector.

J. Ahrens et al. / Nuclear Instruments and Methods in Physics Research A 524 (2004) 169–194172

Figure 4.3: The AMANDA-II detector in the Antarctic ice with Eiffel tower graphic
showing scale. Included is a schematic showing details of the Optical Module. (from [71])

OM and assigns this value to all hits in the channel. The trigger condition for events requires 24

hit channels within a time window of 2.5 µs. If this condition is met, the LE, TE and ADC values

for each hit are transmitted to the surface, and a trigger is sent to a GPS clock to timestamp the

event. This configuration of the data taking system is known as the µDAQ. A Transient Waveform

Recording (TWR) system was installed later and operated exclusively after 2006 when µDAQ was

shut off. As this thesis deals with the earlier dataset, we do not describe TWR in any more detail

here.

4.2.2 Calibration

Because the signal is transmitted to the surface before digitization and time recording a calibra-

tion must be applied to relate the leading edge (LE) times with the PMT hit times. This calibration

is performed by recording time-of-flight for YAG laser pulses sent from the surface down optical

cables and reflected. These cables emit the laser pulse into the ice where it is recorded by PMTs

Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

AMANDA

24

• 677 optical modules in 19 strings.

• AMANDA-II operated between 2000 and 2009.

• Trigger: 24 OMs within 2.5 μs. ~ 5° resolution and 10 TeV median CR energy.

• ~ 2 billion CR events / year (~ 60 Hz).
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Angular resolution - Moon shadow

25

Aartsen et al. (PRD accepted)
arxiv/1305.6811

CR Moon shadow
Verification of the angular 
pointing of IceCube

IC59
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Angular resolution

26

• Validation for point-source neutrino searches

• Detector with good resolution and angular pointing for 
anisotropy studies.
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Sun shadow 

27

Preliminary
IC79 detector (Dec 10 & Jan 11)
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Anisotropy studies

29

Composition

Energy

Angular
scale

Anisotropy Time
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Anisotropy studies
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Composition
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Anisotropy as a function of angular scale

30



• IC22 detector, 4 x 109 events, Median energy ~ 20 TeV

• First indication of large scale ~10-3 anisotropy observed in the South.

• Good match to observations in the North.

Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

IceCube - Large scale anisotropy
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Abbasi et al., ApJ, 718, L194, 2010
arxiv/1005.2960

Relative intensity skymap in equatorial coordinates

(Northern sky)

(Southern sky)
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IceCube - Looking for smaller structure
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Higher multipoles
(smaller scale)

Angular power spectrum of the CR anisotropy
Abbasi et al., ApJ, 740, 16, 2011 
arxiv/1105.2326



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

IceCube - Small-scale anisotropy

• IC59 data, 3° resolution. (5.6 x 1010 
events, 20 TeV median energy)

• Indication of significant smaller-scale 
structure in the angular power spectrum.

• Dipole and quadrupole moments 
subtracted .

33

Dipole and quadrupole fit (Large scale)

Fit residuals (Small scale)

Input relative intensity map

• Correlate pixels to increase sensitivity to different angular scales.

59-string detector

+{
Abbasi et al., ApJ, 740, 16, 2011 
arxiv/1105.2326



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

IceCube - Small-scale anisotropy 
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• Statistically significant structure with typical sizes of 10°-20°

Milagro (~ 1TeV)
Abdo et al, PRL, 2008

20° scale 12° scale

IceCube (IC79) 
(~ 20 TeV)

Abbasi et al., ApJ, 740, 16, 2011 arxiv/1105.2326

ARGO (~ 1TeV)
arxiv/1309.6182



Coefficient Fit Value (×10−4)
m0 −0.029± 0.058
px 0.017± 0.142
py −3.661± 0.142
pz −0.027± 0.072

χ2/ndf = 14206.8/14192 Pr(χ2|ndf) = 0.416

∼ 4.7× 10−4 (3.66± 0.14stat ± 0.99sys)× 10−4
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Solar dipole 
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Sun
Direction of motion

E pur si muove!

∆I

I
= (γ + 2)

v

c
cos θ

29.8 km/s

v

2.67

Compton-Getting dipole Physical Review 47 (11): 817–821, 1935
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IceCube - Large-scale anisotropy 

36

• IC22-IC86: 1.5 x 1011 events.

• Significant structure at very 
small angular scales.

IC22-IC86 detector configurations (2007-2012)
5° scale

1D projection in right ascension

UpdatePreliminary

arxiv/1309.7006
Santander et al. (0382 - ICRC 2013)
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IceCube - Small-scale anisotropy 
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IC22-IC86 detector, 5° scale
Large-scale subtracted (dipole and quadrupole)

• Significant power in the 
spectrum for structures < 10°.

Update
Preliminary
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Origin of small-scale anisotropy
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arxiv/1111.2536
Giacinti & Sigl• Different energies probe different distances

• Connection between anisotropy and GMF turbulence

Propagation effects
CR propagation Small-scale structureTurbulent GMF

Heliospheric effects
arxiv/1111.3075
Desiati & Lazarian

Ripples in heliospheric 
boundary

CRs streaming along LIMF

• CR scattering on ripples in the 
heliosphere boundary induce 
small-scale anisotropy.

• Time dependence?

Science 28, 343, 2014
Schwadron et al.



Non-standard diffusion and 
propagation modelsNon-standard magnetic fields 

and diffusion mechanisms 
Geminga? (155 pc)
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Origin of small-scale anisotropy
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Salvati & Sacco.  A&A 485, 527-529 (2008)

Drury & Aharonian.  Astropart. Phys.  29 420-423 (2008) 

Magnetic mirroring and funneling 
from nearby source 

Malkov et al ApJ 721, 750 (2010)

Electric fields in the 
heliosphere
Drury arxiv/1305.6752 (ICRC 2013)

Large-scale cascading
Ahlers arxiv/1310.5712

Dark matter annihilation
J.P. Harding arxiv/1307.6537

Strangelets from NS
Kotera et al arxiv/1303.1186
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Anisotropy as a function of time
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Time dependence study
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Solar cycles #23 and #24

Cycle 24Cycle 23

No. 2, 2009 COSMIC-RAY ANISOTROPY OBSERVED WITH MILAGRO 2129
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Figure 14. (a) ST amplitudes of the three fit harmonics for the single-band
(all decl.) analysis. (b) ST phases of the three fit harmonics for the single-band
analysis. Both plots contain seven yearly data sets from 2000 July to 2007 July.
The error bars are statistical.

189◦ ± 1◦ R.A. with a χ2/ndf = 4.5/6. This lack of change
in position over time is what one would expect from an actual
sidereal signal.

Figure 15, SBVD versus year, shows that there is strong
evidence of a strengthening of the valley depth over the seven-
year span of this data set.

To test the robustness of this time dependence a number of
checks were done. As a test that is completely different from
the insensitivity of anisotropy strength to trigger thresholds
(described in Section 4.3 and Figure 10), we have done a
direct check of whether the time-dependence of SBVD itself is
threshold dependent. For several raised multiplicity thresholds
between 90 and 280 PMTs hit in the top layer of the pond,
the same time dependence is seen; the yearly trend does not
disappear.

To see that this is a sidereal effect and not a detector effect we
look at the yearly time evolution for the UT and AST signals.
Figure 16 shows the amplitudes of the three fit parameters for the
single-band analysis (all decl.) in both UT and AST; the Earth
motion CG effect in UT should have no time dependence of the
amplitude. The amplitudes of the harmonics in UT are constant
over this seven-year data set, within the errors, as well as their
phases (not shown in the figure). With respect to the amplitudes
of the harmonics in AST, these appear to be significantly larger
in some years, but even the largest amplitudes are 5 to 10 times
less than those seen in ST. From these tests it thus appears that
time dependent detector effects cannot account for the observed
strong time dependence of the sidereal anisotropy.
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2-Parameter Linear Fit

Figure 15. Valley depth in the all-decl.-band analysis (SBVD) vs. MJD for
yearly sets from 2000 July to 2007 July. The error bars are the linear sum of the
statistical & systematic errors. The solid line is the fit to a constant value and
the dashed is the linear two-parameter fit. The χ2/ndf for the fits are 86.2/6 and
4.4/5 respectively. The fit parameter in the flat case is (2.39 ± 0.08) × 10−3;
the two fit parameters to the function A(MJD) = p0(MJD − 53000) + p1 are:
p0 = (0.97 ± 0.11) × 10−6 and p1 = (2.34 ± 0.08) × 10−3.

MJD
52000 52500 53000 53500 54000

)
-4

 1
0

×
U

T 
A

m
pl

itu
de

 (

0

2

4

6

8

10
Fundamental Harmonic

1st Harmonic

2nd Harmonic

(a)

MJD
52000 52500 53000 53500 54000

)
-4

 1
0

×
A

S
T 

A
m

pl
itu

de
 (

0

2

4

6

8

10
Fundamental Harmonic

1st Harmonic

2nd Harmonic

(b)

Figure 16. (a) Universal time fit amplitudes for the single-band (all decl.)
analysis for seven yearly data sets from 2000 July to 2007 July. (b) AST
fit amplitudes for the single-band analysis for yearly data sets. For the UT
fundamental harmonic only we show the statistical error + an estimate of the
systematic error. For AST the error bars are only statistical. Note the lack of any
definite trend, as opposed to what is seen in ST (Figure 14).

5. CONCLUSIONS

Previous experiments such as the Tibet Air Shower Array,
with a modal energy of 3 TeV, and Super-Kamiokande-I, with a
median energy of 10 TeV, have identified two coincident regions

 Milagro

Increase in 
the amplitude

 Tibet-III
No significant change

(arxiv/0806.2293)

(arxiv/1001.2646)
2000 2005 2010 2015
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Milagro

Predicted values (smoothed)
Monthly values (smoothed)
Monthly values

Tibet-III

AMANDA+IceCube

• Use AMANDA+IceCube (160 billion events, 20 TeV, 12 years combined)

• Analyze each year separately, compare.

arxiv/1309.7006
Santander et al. (0411 - ICRC 2013)
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Large-scale anisotropy
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2000 2001 2002

2003 2004 2005

2006 2007 2008

2009 2010 2011

AMANDA
IceCube

Relative intensity maps Preliminary
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Right-ascension projections
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Detector Year χ2/dof p-value

AM-II 2000 11.3/15 0.73

AM-II 2001 16.6/15 0.34

AM-II 2002 26.0/15 0.04

AM-II 2003 19.3/15 0.20

AM-II 2004 14.3/15 0.50

AM-II 2005 21.0/15 0.14

AM-II 2006 24.4/15 0.06

IC22 2007 45.2/15 7 x 10-5

IC40 2008 12.8/15 0.62

IC59 2009 11.1/15 0.75

IC79 2010 6.5/15 0.97

IC86 2011 8.9/15 0.88

2000 2001 2002

2003 2004 2005

2006 2007 2008

2009 2010 2011

Preliminary

Preliminary studies show a deviation for Period 8. 
Systematic studies in progress.
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Small-scale anisotropy
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Residual maps after large-scale (dipole and quadrupole) subtraction, 20° smoothing
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Anisotropy as a function of energy

45



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Anisotropy at higher energies

• Cut on zenith angle and #DOMs 

• Final sample: 6.1 x 108 events

46

Abbasi et al., 2012 ApJ 746 33 
arxiv/1109.1017

Relative intensity map

• 400 TeV median energy, anisotropy at 10-3 level, size ~ 20°, significance 6.3σ

IceCube

20 TeV map
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Anisotropy at higher energies

• Cut on zenith angle and #DOMs 

• Final sample: 6.1 x 108 events

46

Abbasi et al., 2012 ApJ 746 33 
arxiv/1109.1017

Relative intensity map

• 400 TeV median energy, anisotropy at 10-3 level, size ~ 20°, significance 6.3σ

IceCube

20 TeV map
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Transition between 20 and 630 TeV

47

Preliminary

• Note: Very wide energy distributions. 
Statistically correlated maps.

log(Energy [GeV])
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Transition between 20 and 630 TeV
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• Note: Very wide energy distributions. 
Statistically correlated maps.

log(Energy [GeV])
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Transition between 20 and 630 TeV
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• Note: Very wide energy distributions. 
Statistically correlated maps.
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Transition between 20 and 630 TeV
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• Note: Very wide energy distributions. 
Statistically correlated maps.
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Transition between 20 and 630 TeV

47

Preliminary

• Note: Very wide energy distributions. 
Statistically correlated maps.

log(Energy [GeV])



Cosmic ray anisotropy with IceCube, IceTop, and AMANDA - Particle Astro Seminar (Fermilab, 3/3/14)M. Santander 

Transition between 20 and 630 TeV
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Transition between 20 and 630 TeV
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Transition between 20 and 630 TeV

47

Preliminary

• Note: Very wide energy distributions. 
Statistically correlated maps.

log(Energy [GeV])
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Comparison between different energies
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5 TeV

20 TeV

• The anisotropy changes position

• Similar peak-to-peak strength

• Smaller characteristic size at high 
energies

400 TeV

2 PeV

Aarsten et al., 2013 ApJ 765 55
arxiv/1210.5278IceTop
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Interpretation of energy dependence

49

Amplitude Phase

• Anisotropy arises from discrete distribution of sources

• Phase changes according to galaxy parameters and location of 
nearby sources

• Strength increases with energy (diffusion coefficient)

• Problem: anisotropy not dipolar, not strong enough.

arxiv/1105.4529
P. Blasi & E. Amato

Similar to Erlykin & Wolfendale (2006)

Streshnikova et al. 
arxiv/1301.2028
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Galactic CR sources
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Distribution of nearby SNRs in the galaxy

Streshnikova et al. 
arxiv/1301.2028

Sun
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Galactic CR sources
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Distribution of nearby SNRs in the galaxy
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Galactic CR sources
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Distribution of nearby SNRs in the galaxy
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Galactic CR sources

50

Distribution of nearby SNRs in the galaxy

Streshnikova et al. 
arxiv/1301.2028

Sun
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1. INTRODUCTION
The observation that cosmic rays can exceed 1020 eV poses some interesting and challenging ques-
tions: Where do they come from? How can they be accelerated to such high energies? What kind of
particles are they? What is the spatial distribution of their sources? What do they tell us about these
extreme cosmic accelerators? How strong are the magnetic fields that they traverse on their way to
Earth? How do they interact with the cosmic background radiation? What secondary particles are
produced from these interactions? What can we learn about particle interactions at these otherwise
inaccessible energies? Here, we review recent progress toward answering these questions.

The dominant component of cosmic rays observed on Earth originates in the Galaxy. As shown
in Figure 1, the study of this striking nonthermal spectrum requires a large number of instruments
to cover over 8 orders of magnitude in energy and 24 orders of magnitude in flux. Galactic cosmic
rays are likely to originate in supernova remnants (see, e.g., Hillas 2006, for a recent update on
the origin of Galactic cosmic rays). A transition from Galactic to extragalactic cosmic rays should
occur somewhere between 1 PeV (≡ 1015 eV) and 1 EeV (≡ 1018 eV). Progress on determining this
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Proton
RUNJOB

Tibet AS-γ (SIBYLL 2.1)
KASCADE (QGSJET 01)
KASCADE (SYBILL 2.1)
KASCADE-Grande 2009

Figure 1
All particle cosmic ray flux multiplied by E2 observed by ATIC (Advanced Thin Ionization Calorimeter; Ahn
et al. 2008), Proton (Grigorov et al. 1971), RUNJOB (Russian Nippon Joint Balloon experiment;
Apanasenko et al. 2001), Tibet AS-γ (Tibet Air-Shower Gamma Experiment, Amenomori et al. 2008),
KASCADE (Karlsruhe Shower Core and Array Detector; Kampert et al. 2004), KASCADE-Grande
(Karlsruhe Shower Core and Array Detector-Grande; Apel et al. 2009), HiRes I (High Resolution Fly’s Eye
I; Abbasi et al. 2009), HiRes II (High Resolution Fly’s Eye II, Abbasi et al. 2008b), and Auger (the Pierre
Auger Observatory; Abraham et al. 2010b). Large Hadron Collider (LHC) energy reach of p − p collisions
(in the frame of a proton) is indicated for comparison.
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KASCADE (ICRC 2013)

Phase of the first harmonic
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Auger 1500 m (Rayleigh)
Auger 750 m (East!West)

Auger 1500 m (East!West)
Eas!Top
Ice Cube

Infill data until April 2011
E = 0.01-2 EeV
Constant line fit
α ! 263◦ ± 19◦

Prescription to check with
new data at 99% CL:

! Started on the 25 of
June 2011

! Constancy of phase
at E<1 EeV with the
Infill data

! Transition in phase

at high energies

Eas-Top: M. Aglietta et al. 2009 ApJ 692 L130
IceCube: R. Abbasi et al. 2012 ApJ 746 33

Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory

7

Auger (ICRC 2013)

Anisotropy vs. energy

• Anisotropy changes in amplitude, size @ 400 TeV.

• Phase seems to shift towards the galactic center region at high 
energies.

IC59 - 20 TeV

IceTop - 400 TeV

IceTop - 2 PeV

IceCube/IceTop

x

x

x
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Conclusions

52

• Anisotropy observed with IceCube, IceTop, and AMANDA

• Anisotropy studied as a function of angular scale, energy, and time. 
Composition studies starting. 

• Wide angular scale range (10°-180°)

• Strength in the 10-4-10-3 range

• Different energies: 20 TeV to 2 PeV

• 20 TeV anisotropy matches that observed in the North

• Change in shape, orientation from 20 to 400 TeV, larger amplitude at 2 PeV

• No significant time variability over 12 years.
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The future

• Anisotropy as a function of composition.
• Anisotropy above the knee.
• CR spectra for different parts of the sky.

• Work on the theory side is needed.
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